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A B S T R A C T
Objective: Apply high-resolution benchtop micro-computed tomography (micro-CT) to gain greater under-
standing and knowledge of the formation of the micro-damage process zone formed during traverse fracture of
cortical bone.
Methods: Bovine cortical bone was cut into single edge notch (bending) fracture testing specimens with the crack
on the transverse plane and oriented to grow in the circumferential direction. We used a multi-specimen
technique and deformed the specimens to various individual secant modulus loss levels (P-values) up to and
including maximum load (Pmax). Next, the specimens were infiltrated with a BaSO4 precipitation stain and
scanned at 3.57-μm isotropic voxel size using a benchtop high resolution-micro-CT. Measurements of the micro-
damage process zone volume, width and height were made. These were compared with the simple Irwin's
process zone model and with finite element models. Electron and confocal microscopy confirmed the formation
of BaSO4 precipitate in micro-cracks and other porosity, and an interesting novel mechanism similar to tun-
neling.
Results: Measurable micro-damage was detected at low P values and the volume of the process zone increased
according to a second order polynomial trend. Both width and height grew linearly up to Pmax, at which point
the process zone cross-section (perpendicular to the plane of the crack) was almost circular on average with a
radius of approximately 550 µm (approximately one quarter of the unbroken ligament thickness) and corre-
sponding to the shape expected for a biological composite under plane stress conditions.
Conclusion: This study reports details of the micro-damage fracture process zone previously unreported for
cortical bone. High-resolution micro-CT enables 3D visualization and measurement of the process zone and
confirmation that the crack front edge and process zone are affected by microstructure. It is clear that the process
zone for the specimens studied grows to be meaningfully large, confirming the need for the J-integral approach
and it does not achieve steady state at Pmax in most specimens. With further development, this approach may
become valuable towards better understanding the role of the process zone in cortical bone fracture and the
effects of relevant modifications towards changes in fracture toughness in a cost effective way.
1. Introduction
The study of cortical bone fracture mechanics is widely understood
to be critical towards better understanding skeletal fragility, fracture
prediction and prevention, and the development of new therapeutics
(Martin et al., 2015). Over the last couple of decades, significant work
has been done to appropriately measure cortical bone fracture tough-
ness and to understand the complex mechanisms that toughen bone
and, conversely, lead to its fragility. In recent years, Robert Ritchie's
group at UC Berkeley has highlighted the importance of using the non-
linear fracture mechanics J-integral approach (Yang et al., 2006) and
on including the R-curve behavior in experimental studies of cortical
bone quality and the like (Nalla et al., 2005; Zimmermann et al., 2011).
The J-integral approach is promoted for cortical bone because linear
elastic fracture mechanic theory does not hold due to the fact that a
non-negligible process zone of “plastic” deformation occurs around the
crack tip and meaningful non-linear behavior is also noted during
testing, particularly for transverse fracture (Martin et al., 2015;
Woodside and Willett, 2016; Yan et al., 2007; Yang et al., 2006).
Cortical bone recruits multiple mechanisms to inhibit crack growth
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(Launey et al., 2010). The relative importance of each of the toughening
mechanisms is somewhat debated (Launey et al., 2010; Nalla et al.,
2005; Ritchie et al., 2005). Take micro-crack and micro-damage for-
mation as a specific example (Launey et al., 2010; Nalla et al., 2004;
Vashishth et al., 2003). During cortical bone fracture, the phenomenon
termed “constrained micro-cracking” occurs in the process zone ahead
of the crack tip both before crack propagation (i.e. it is an intrinsic
toughening mechanism) and, as the crack grows, a field of “constrained
micro-cracking” is left in the wake (Launey et al., 2010; Nalla et al.,
2004; Vashishth et al., 2003). This form of micro-cracking has a finer,
more diffuse morphology (Poundarik et al., 2012; Poundarik and
Vashishth, 2015; Sun et al., 2010) than the classic Frost-Burr micro-
cracking, which has been intensely studied over the last several decades
(Donahue and Galley, 2006; Taylor and Lee, 2003). This finer diffuse
micro-cracking (herein furthermore referred to as ‘micro-damage’) is
much smaller in scale, with lengths on the order of microns rather than
the hundreds of μm reported for the Frost-Burr type (Poundarik et al.,
2012). Both forms of micro-cracking can be formed in vivo and in vitro,
but micro-damage may be the precursor to the larger micro-cracks and
indeed fracture. It is associated with the apparent “yielding” of bone
under tension in the longitudinal direction (Poundarik et al., 2012;
Poundarik and Vashishth, 2015). It is thought to occur as mineralized
collagen fibrils are stretched and small-scale fractures nucleate in the
mineral phase (Poundarik et al., 2012; Poundarik and Vashishth, 2015).
Many suspect, and some evidence supports, the idea that the collagen
and other organics and their interface with the mineral phase con-
tribute to controlling the micro-damage (Burton et al., 2014). While
cracking of the hydroxyapatite-like mineral phase alone may not absorb
much energy (Nalla et al., 2004), it is currently widely thought, though
not entirely proven, that the accompanying deformation of the bone
collagen (Gupta et al., 2006), and perhaps other organics such as the
non-collagenous proteins (Poundarik et al., 2012), and even their de-
bonding from the mineral (Gupta et al., 2007) absorb a significant
amount of strain energy (Nalla et al., 2004).
The contribution of micro-damage formation in the process zone to
fracture toughness depends on the size and shape of the process zone
and the mechanisms that engage upon formation of the diffuse micro-
damage within the process zone (Anderson, 2005; Launey et al., 2010).
We know very little about these mechanisms, and, to date, the size and
shape have been largely assumed based on general predictions from
linear elastic fracture mechanics and simpler materials (Martin et al.,
2015). A recent textbook portrays the zone as consisting of symmetrical
“ears” that form on either side of the crack propagation direction
(Martin et al., 2015).
This manuscript reports the results from our first attempts to study
the micro-damage process zone in bovine cortical bone specimens un-
dergoing transverse-circumferential fracture in Mode-I. The single edge
notch bending configuration and high resolution micro-computed x-ray
tomography (HR-micro-CT) combined with a BaSO4 contrast agent
were used. The aim was to increase our understanding of this important
process in cortical bone fracture in order to improve the mechanistic
study of skeletal fragility and the fidelity of computational modeling of
cortical bone fracture.
2. Material and methods
Conveniently, the formation of diffuse micro-damage within the
process zone enables the visualization and quantification of its dimen-
sions. In the past decade or so, a few studies have reported using micro-
CT with heavy metal stain contrast enhancement to study the accu-
mulation of micro-cracking and micro-damage resulting from me-
chanical loading in bone specimens. (Tang and Vashishth, 2010) used
lead uranyl acetate to study micro-cracks in trabecular bone. More re-
cently, a more benign barium sulfate precipitation stain has found ap-
plication in studies of cortical bone under quasi-static and fatigue
loading in compression, tensile and even fatigue of notched bending
specimens (Landrigan et al., 2011, 2010; Leng et al., 2008; Turnbull
et al., 2011). Recently, (Choudhari et al., 2016) used the barium sulfate
approach to study micro-damage formation in the vertebrae of tu-
morous spines from a rat model exposed to in vitro loading.
The studies mentioned above inspired the development of our own
barium sulfate-based, contrast-enhanced, high-resolution micro-CT
technique. We have used the technique to study the diffuse micro-da-
mage within the fracture process zone of elastic-plastic fracture me-
chanics (JIc) qualified single edge notched bending fracture of cortical
bone specimens undergoing Mode-I transverse plane-circumferentially
directed fracture. We sought 3-D qualitative characterization and
quantification of the dimensions of the process zone as the process zone
developed up to and including crack growth initiation.
2.1. Specimen production
Consistent with our previous works, cortical bone was sourced from
five tibiae of bovine steers (aged 1.5 – 2 years old) obtained im-
mediately after slaughter from a local abattoir and processed as follows
(Burton et al., 2014; Willett et al., 2015; Woodside and Willett, 2016).
Steer bone is a useful model when developing new approaches, as in
this project, because the bone is relatively more homogeneous, denser,
and less porous than typical human cadaveric specimens. The bone was
kept frozen (−20 °C) for up to 10 days following sourcing. Bones were
thawed and stripped of all soft tissue. Using a morgue band saw, each
tibiae was cut into two blocks approximately 70 mm × 25 mm ×
6 mm; one mid-diaphysis anterior block and one mid-diaphysis pos-
terior block. Each block was cut into four rectangular beams using an
Isomet 1000 diamond wafer saw (Buehler Canada, Whitby, ON, Ca-
nada). The length was oriented along the longitudinal direction and the
width in the radial direction. Beams were 60 mm× 4 mm× 4 mm (l ×
w× t). The endosteal side of the beam was marked to track orientation.
The bone beams were ground and polished by hand to a 1-μm finish.
Beams were stored at −20 °C while wrapped in saline soaked gauze.
The beams were prepared for single-edge notched bend (SEN(B))
fracture testing in three-point bending complying as closely as possible
with requirements drawn from ASTM E1820 and ASTM D6068 and
consistent with previous studies (Burton et al., 2014; Willett et al.,
2015; Woodside and Willett, 2016; Yan et al., 2007). The beams were
thawed to room temperature and a starter notch was cut to a depth of
1.9 mm at mid-span into one face in the circumferential direction on
the transverse plane using a 300-μm diameter diamond wire saw (De-
laware Diamond Knives, Wilmington, DE, USA). Orienting the starter
notch in this way meant that the crack would propagate across any
osteons, which run longitudinally, if present in the tissue.
Each crack was propagated in the circumferential direction in this
study because less severe crack deflections occur relative to the radial
direction where the cracks interact with lamellar interfaces and can
deflect up to 90°. Thus, avoiding crack deflections simplified later
measurements of the micro-damaged process zone. To further avoid
severe crack deflections, side grooves aided in maintaining crack pro-
pagation direction on the transverse plane, which corresponds to the
peak drive force. In previous work, specimens without side-grooves
demonstrated significant deflections and crack branching (Woodside
and Willett, 2016). Furthermore, side grooves promote a tri-axial
(“plane strain”) stress state (Anderson, 2005). Rounded side grooves
(300-μm wide and 400-μm deep) were cut with the same 300-μm dia-
meter diamond wire saw.
The starter notch was sharpened using an ultra-fine razor blade
(McMaster-Carr, Elmhurst, IL, USA) lubricated with 1-μm diamond
slurry (Buehler) to produce a total starter notch length of approximately
2 mm and ~ 5-μm tip radius (Burton et al., 2014; Willett et al., 2015;
Woodside and Willett, 2016; Yan et al., 2007). While consistent with
ASTM D6068, sharpening with a razor blade was also necessary because
we have found that starter cracks induced from a blunt notch using
fatigue loading deflect almost immediately due to the anisotropy of the




After four hours of soaking in PBS at room temperature to ensure
hydration levels, specimen thickness and width were measured with a
micrometer (0–25.4 mm digital micrometer (± 4 µm uncertainty),
Mitutoyo, Mississauga, ON) and recorded before the specimens were
tested using an Instron ElectroPuls E1000 mechanical testing machine
(Instron, Norwood, MA, USA). Each specimen was placed notch-side
towards the span of a three-point bending jig (two cylindrical supports
(diameter 6.35 mm) separated by a span of 40 mm) with the notch and
side groves aligned with the load-line, opposite a 6.35 mm diameter
cylindrical loading nose. The tests were run under load-line displace-
ment control at 0.5 mm/min. The applied load was measured using a
100 N load-cell (+/−0.5% accuracy). Load-line displacement (deflec-
tion of the SEN(B) specimen) was measured using an internal digital
linear encoder with sub-micron accuracy and resolution.
In order to enable imaging of the process zone progression up to
crack growth initiation, individual beams were randomly selected from
the batch of twenty and assigned to one of four groups corresponding to
a loading condition: P0 = elastic, reversible loading, P5 = approxi-
mately a 5% loss of secant stiffness, P10 = approximately 10% loss of
secant stiffness and Pmax, which corresponds to a zero slope of the load
versus load-line deflection curve and approximates the advent of crack
growth initiation. The use of this P% index originates from linear elastic
fracture mechanics in which crack growth initiation is often presumed
to have occurred upon an X% loss in secant modulus, where X is typi-
cally 5 (Anderson, 2005). Note that this P is not the same as the sta-
tistical p-value.
The Pmax specimens were tested first because the zero slope at
maximum load point was easily detected during testing. Then the ap-
plied load versus load-line deflection curves from this group were
averaged and the load-line displacements corresponding to the elastic
range (P0), five percent loss of secant modulus (P5) and ten percent loss
of secant modulus (P10) were determined (Fig. 2). Then the specimens
in each group were tested up to their assigned deflections and un-
loaded. Inevitably, due to variations between specimens, the actual %
loss of secant modulus at the assigned deflection varied around the
assigned value. This resulted in a convenient spread of data points,
which enabled broader characterization of the process zone formation
and growth (See Section 4.3).
2.3. Micro-damage staining
To facilitate detection of the micro-damaged process zone, the
fracture specimens were stained using a two-step barium sulfate pre-
cipitation staining technique similar to the method reported by (Leng
et al., 2008). Barium ions were diffused into the damaged regions by
soaking the specimens for three days under vacuum (~ 175 mmHg) in
14 mL of two parts 0.5 M BaCl in ddH2O and one part acetone, followed
by the diffusion of sulfate ions into the damaged regions by soaking the
specimens in 14 mL of two parts 0.25 M NaSO4 in ddH2O and one part
acetone, again while under vacuum for three days. The barium and
sulfate ions react, staining the micro-damage and various small struc-
tures with a dense, insoluble barium sulfate precipitate. Subsequently,
each specimen was rinsed with ddH2O to remove any residual free ions.
The composition and distribution of the BaSO4 deposits were con-
firmed in pilot studies using scanning electron microscopy (SEM) with a
back scattered electron detector and energy dispersive x-ray spectro-
scopy (EDX). An SEM (XL30 ESEM, Philips, USA) was used to image
each fracture surface at an accelerating voltage of 20.0 kV and a
working distance of 15 mm using a back-scattered electron detector
(FEI, Hillsboro, OR, USA). Energy dispersive X-ray spectroscopy (EDAX,
SUTW PV7760/77, USA) was used to confirm that the precipitate found
in the damaged regions was indeed barium sulfate.
2.4. Micro-CT scanning and reconstruction
Specimens were mounted in a polymer centrifuge tube using low
melting point agarose gel (Sigma-Aldrich). A Bruker SkyScan 1172 high
resolution X-ray micro-CT (Bruker micro-CT, Billerica, MA, USA) was
used to image each specimen (3.57 µm voxel size, 59 kVp, 159 μA
current, 3300 ms exposure, 0.2° rotational steps, three frames aver-
aged). All specimens were scanned using the same settings.
Reconstructions were performed with Skyscan NRecon software (v.
1.6.8.0, Bruker micro-CT, Billerica, MA, USA). Reconstructions settings
included: Gaussian Smoothing = 1, Ring Artifact Correction = 20,
Undersampling factor = 1, Threshold for defect pixel mask (%) = 50,
Beam Hardening Correction (%) = 60 (Fig. 1).
2.5. Generation of image data sets
For each scan, a region of interest (ROI) originating at the crack tip
and of constant dimensions large enough to contain the largest process
zone observed in the study (see Fig. 3A) was selected using CTan
software (Bruker micro-CT, Billerica, MA, USA) and then exported to
DataViewer software (Bruker micro-CT, Billerica, MA, USA). In Data-
Viewer, each dataset was realigned on an orthogonal (X-Y-Z) set of axes
with the leading edge of the crack tip parallel to the X axis and direction
of maximum driving force (bone circumferential direction) parallel to
the Y-axis. This resulted in the transverse fracture plane parallel to the
Fig. 1. A model load versus load-line displacement curve demonstrating the scheme for
establishing P0, P5, P10 and Pmax based on secant stiffness (dashed lines).
Fig. 2. Example image of a reconstructed micro-CT scan demonstrating the notch and
side grooves, which were cut using a diamond wire saw.
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X-Y plane. The Z-axis aligned with the length of the beam, which was
aligned with the longitudinal direction of the diaphysis during beam
cutting procedures.
2.5.1. Image data sets for quantification
For process zone quantification, the realigned datasets were reo-
pened in CTan and a new rectangular region of interest (crack tip ROI;
Fig. 3B) centered at the crack tip was defined with faces defined with
the X-Y-Z axes as normal vectors. This region of interest was exported as
a series of Y-Z plane images stacked in the X-axis and imported into
MatLab (Mathworks, Natick, MA, USA, version 2013a) for further
image analysis and calculations using custom written code.
2.5.2. Thresholding for BaSO4 stained micro-damage
In order to determine an objective attenuation coefficient threshold
for segmenting the micro-damage from the surrounding bone in each
specimen, a cylindrical control ROI, with a radius of 0.65 mm and a
length of 0.66 mm, was taken from an undamaged region of each scan
distal from the crack tip and at the center of the specimen (X-Y plane).
This is a region where loading, damage and surface over-staining are
known to be negligible. See Fig. 3C for reference. An attenuation
coefficient histogram from each control ROI was generated and then the
threshold above which only 1% of the pixels remained was determined
(Burton et al., 2014). The value of this threshold varied minimally
between specimens. Once applied to the paired crack tip ROI, the ap-
proach allowed reduction of non-specific staining noise due to varying
porosity and other uncontrolled variables. In CTan, pseudo-colored
images of each process zone (on the Y-Z plane, X-Y plane, X-Z plane,
and isometric views) were produced from the crack tip ROI using the
same 1% of control ROI threshold. See Fig. 9.
2.6. Laser scanning confocal and scanning electron microscopy of fracture
surfaces
A subset of specimens was also stained with Alizarin Red dye
(0.05 mM in ddH2O) after the BaSO4 staining described above, in order
to conduct a qualitative comparative study of the process zone mor-
phology on the X-Y plane between laser scanning confocal microscopy,
scanning electron microscopy, and micro-CT. After micro-CT scanning,
each specimen was rapidly loaded to complete fracture to expose the
two fracture surfaces. These fracture halves were trimmed to a shorter
length (2-mm) and mounted on glass microscopy slides in order to place
them on the motorized positioning stage of an inverted laser confocal
microscope (Nikon C1si, Nikon Instruments Inc., Melville, NY, USA).
Using laser confocal microscopy (488 nm excitation; 605 nm emission),
stacks of images of the fracture surfaces were generated at 10-μm re-
solution over a 400-μm depth range. Stacked images were imported into
ImageJ (NIH, Bethesda, Maryland, USA) for compiling into 2-D aver-
aged images of the X-Y plane of the fracture surfaces. The same speci-
mens were next prepared for scanning electron microscopy (SEM; XL30
ESEM, Philips, USA; accelerating voltage of 20.0 kV; working distance
of 15 mm; spot size 4).
3. Calculations
3.1. Secant modulus method for calculation of P value
Historically, in linear elastic fracture mechanics, the point of crack
growth initiation can be detected using a 5% decrease in secant mod-
ulus (Anderson, 2005). This is based on the fact that crack growth in-
creases the compliance of the specimen. In elastic-plastic fracture, a
non-negligible amount of crack tip blunting and deformation, including
micro-damage, can occur before any real crack growth occurs. This
increases the apparent compliance of the specimen, resulting in non-
linearity in the load vs. load-line displacement curve prior to Pmax. In
this study, the percent change in secant modulus during loading (our P
value) was calculated using the secant lines as shown in Fig. 2 and used
to define progression along the test curve as described above.
3.2. Calculation of J-integral fracture toughness
The J-integral for each specimen at its pre-determined deflection,
based on assigned P value, was calculated using the equation prescribed











where U is the work done to the specimen (area under the load v. load-
line deflection curve) up to the prescribed level of deflection, B is the
width of the specimen, W is the height and a0 is the length of the starter
notch.
3.3. Micro-damage process zone measurements
3.3.1. Process zone volume
In order to calculate the volume of the stained micro-damage in
each specimen's process zone, each thresholded crack tip ROI data set of
binary images was stacked and the number of white voxels (corre-
sponding to segmented BaSO4 stained voxels) was counted and the
volume was calculated using the 3.57-μm isometric voxel dimensions.
Due to small variations in the thickness of the crack tip ROI along the X-
axis, the absolute volume of BaSO4 staining (SV) was normalized to the
crack tip length as follows:
=SV SV l/ [mm /mm]n ct 3 (2)
where SV was the total volume of stained micro-damage and lct was the
length of the crack tip (along the X-axis).
3.3.2. Process zone dimensions
Process zone width and height were measured on the Y-Z plane. Due
to the heterogeneous nature of the micro-damage and staining, filtering
and averaging procedures were required. Images were thresholded (as
below; Fig. 4A) and consecutive stacks of five images were averaged. A
boundary-seeking tool was then used to isolate the largest continuous
object in each averaged image. Next, all the boundaries in the stack
were averaged, creating an image representative of the average process
zone viewed in the Y-Z plane (Fig. 4B). Inevitably, each of these images
Fig. 3. A) Crack region of interest. B) Crack tip region of interest. C) Cylindrical control region of interest.
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contained noise and outliers. These were removed with standard des-
peckling (Fig. 4C) and outlier removal routines in MatLab (Fig. 4D),
resulting in a refined, smoothened image of the through thickness
averaged process zone observed on the Y-Z plane. See Fig. 4D.
To each image, an ellipse was fit to the boundary of the process zone
using a numerical fitting routine (Fig. 4E) and the lengths of the major
(a) and minor (b) semi-axes and their orientation relative to the Y-axis
were calculated. The height of the process zone was determined using
the ellipse semi-axis with the smallest angle from the Y-axis. The length
of this ellipse semi-axis was doubled giving the height in μm when
converted from pixels using the 3.57 µm per pixel scale. The width of
the process zone was similarly determined using two times the length of
the other ellipse semi-axis.
We also conducted verification measurements using the same
images (Fig. 4E) but manually making the height and width measure-
ments using NIH ImageJ. Furthermore, since the images processed in
this way represent a through-thickness averaging of the 3-D process
zone along the X axis, an additional measurement of SVn, the unit-
thickness process zone area projection, was enabled using NIH ImageJ.
3.3.3. Comparison with process zone models
We sought to compare our data with process zone models. Upon
examination of the data generated using the methods given above, it
was observed that the aspect ratios of the ellipses did not vary greatly
from one. Therefore, we started with Irwin's second order estimate of
plastic zone radius under plane strain (Eq. (3)) but using the J-based
effective stress intensity factor, KIJ = (E′J)1/2, in place of KI (Barthelat
and Rabiei, 2011; Anderson, 2005):






















rp is the radius of the process zone defined by a linear elastic
asymptotic stress field in plane strain, KI is the stress intensity factor,
σYS is the yield strength, E′ is the plane strain adjusted Young's modulus,
′ = −E E ν/(1 )2 , where E is the Young's modulus and v is the Poisson's
ratio, and J is the measured J-integral fracture toughness. Values for E,
v and σYS were estimated (20 GPa, 0.36, 141 MPa respectively) from
values reported for bovine cortical bone in bending (Burton et al., 2014;
Martin et al., 2015; Willett et al., 2015).
Using rp, we then calculated the equivalent of the thickness nor-
malized volume of the micro-damage process zone (SVN) as follows:
=SV πr [mm ]n Irwin p( ) 2 2 (4)
This enabled the comparison of experimental data with model
predictions over a wide range of J and P values.
3.3.4. Comparison with finite element modeling
The imaged process zone was compared with local stress and strain
fields at the notch tip using the commercial finite element analysis
software ANSYS (v 15.0, Cannonsburg, PA, USA). The three-point
bending test on a bovine cortical bone SENB specimen was simulated.
The bone material was assumed to exhibit nonlinear orthotropic stress-
strain deformational behavior, and therefore was modeled using a
generalized anisotropic Hill's potential theory (Sharma et al., 2012;
Shih and Lee, 1978). This theory utilizes Hill's anisotropic yield cri-
terion (Hill, 1983), which accounts for differences in the yield stress for
the three main orthogonal directions of the bone (i.e., longitudinal,
radial and circumferential), as well as distinct tangent moduli in each
direction. Hill's criterion has been found to be effective in modeling
cortical bone (Sharma et al., 2012). The model assumes that the post-
yield tangent moduli remain constant, and thus bilinear material be-
havior is considered in each material direction, which is consistent with
the observations of (Li et al., 2013). The model also accounts for dif-
ferences in yield stress in both tension and compression for all material
directions, and work hardening as presented by (Valliappan et al.,
1976) is used to update the yield criterion. It should be noted that
cortical bone does not strictly yield, where instead micro-cracks initiate
and grow once a critical stress is attained.
The orthotropic elastic properties of the bone used in the simulation
were taken from (Li et al., 2013) and (Bernard et al., 2013), and are
presented in Table 1. These were selected because they are consistent
with multiple other studies including our own work on bovine cortical
bone (Burton et al., 2014; Woodside and Willett, 2016). The yield
(critical) stresses and tangent moduli were extracted from the tensile
and compressive stress-strain data of (Li et al., 2013), and are shown in
Table 2. Since the generalized anisotropic Hill option in ANSYS also
requires the shear stress-strain behavior (ANSYS Inc., 2011), it was
assumed that the bone will not yield in shear. A small parametric study
tested this assumption (data not shown). Our results were unaffected.
The SENB specimen was modeled using 3D solid continuum ele-
ments (SOLID 45), which was required in order to capture the plane
strain effects. It should be noted that the mesh was refined in the vi-
cinity of the notch tip in order to capture the local stress gradients, as
shown in Fig. 5. Two planes of symmetry were defined, thus only a
quarter of the edge-notched three-point bending test specimen was
modeled (see Fig. 5 top). Symmetric boundary conditions were applied
to the two symmetry planes, and a support boundary condition was
applied at the lower roller location, which accurately represented the
three-point bending testing conditions. The bending load (upper roller)
was applied to the finite element model as a line load along the
Fig. 4. Demonstration of the image processing steps used for micro-damage process zone dimension measurements. A) Single thresholded image. B) Average of boundaries from five
images. C) B despeckled. D) C after outlier removal. E) The ellipse-fitting step, allowing for dimension (width, height) measurements. The black bar is 100 µm in length. The white triangle
portrays the location of the crack tip.
Table 1
Orthotropic elastic properties of cortical bone
used in the simulation (Bernard et al., 2013; Li
et al., 2013). Young's moduli (E) and shear
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specimen center. A nonlinear solution was required to simulate the
quasi-static bending load, and numerical convergence was achieved by
using 1000 sub-steps in the solution.
3.3.5. Trend lines and statistical tests
Trend lines were fit using MatLab. Linear and polynomial trends
were subsequently confirmed with statistical tests at the 95% con-
fidence level.
4. Results
Of the twenty specimens originally produced for this study, five
were removed. Two were removed from the Pmax group because they
underwent rapid steady-state fracture before loading was stopped and
therefore could not be studied using our methods. One from each of the
other groups (P0, P5, P10) was removed either due to excessive por-
osity leading to over-staining, which created excessive background
noise, excessive ring artifacts in the micro-CT reconstruction or, in one
case, poor razor notching.
4.1. Pilot studies
Pilot studies were performed to confirm the BaSO4 precipitate dis-
tribution and composition. Bright white particulate observed by ESEM-
BSE and found in voids were confirmed to be BaSO4 (Fig. 6). Darker
regions in the same images lack the multiple Ba and S peaks detected
with EDX. Note the heterogeneity of the BaSO4 particles and multiple
voids (e.g. lacunae) which were not completely filled with the parti-
culate.
Table 2
Critical stresses (Y) and tangent moduli (Et) for
orthotropic cortical bone used in the simulation,
in units of MPa and GPa, respectively (Li et al.,
2013). Note that the superscripts denote tension














Fig. 5. (top) Geometry of SENB specimen modeled
showing symmetry planes and boundary conditions,
(bottom) finite element mesh of SENB specimen
showing mesh refinement at notch tip.
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4.2. Mechanical test data
Fig. 7 presents both a representative loading-unloading curve for a
P10 specimen (left) and a summary of the P values and paired J values
achieved during the experiment (right). Note the non-linear trend in the
J versus P data as the irreversible processes contributing to J progress
towards steady-state fracture. J is expected to plateau beyond Pmax
(Woodside and Willett, 2016).
4.3. Micro-damage zone measurements
Fig. 8 presents the micro-damage process zone dimension mea-
surements (SVn, width and height; generated by both the pixel counting
and projected image approach in the case of SVn, and ellipse fitting
versus manual ImageJ measurements for width and height) versus
measured P-values and J values. The volume (and thus Y-Z projected
area, SVn) grew in a non-linear fashion following a second degree
polynomial trend (p<0.05). The pixel counting method for de-
termining SV, and thus SVn, resulted in volume measurements clearly
Fig. 6. Observation of BaSO4 distribution in pilot study specimens using BSE-SEM (top left and top right) and EDX confirmation of the composition of the white particles (bottom left and
bottom right). Left side images confirm that the bright white particles (within the red box) contain Ba, S and O (arrows in bottom left figure point to Ba (black) and S peaks (white)). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. (Left) An example of load-unload cycle load-displacement data for a P10 specimen, demonstrating a combination of both modulus work and dilatation work. Viscoelastic effects
are also apparent. Note the difference in compliance between loading and unloading indicated by changes in the slope of secant lines and the significant hysteresis during the loading-
unloading cycle. (Right) Summary of the paired J and P values achieved in the experiment. Note the scatter in the P values around the assigned target values (P0, P5, P10, Pmax) and the
scatter in J due to inter-specimen variation in factors including micro-structure, minor preparation variation in notching, for example, and uncontrolled biological variation.
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less than those made using the projected image approach. Corre-
sponding to the second order polynomial trend of the volume mea-
surements, both width and height grew according to a linear trend with
no indication of an approach to a plateau. The measurements from both
methods were similar, depending on whether they were plot versus P or
J. Furthermore, in each of the sub-figures in Fig. 8, the Irwin model
(solid black line) agrees quite well, falling within the scatter of the
experimental data of both methods.
4.4. Qualitative observations of micro-damage process zone morphology
4.4.1. Micro-CT images
At lower P values (P0 and P5), while detectable and measureable,
the process zones did not display notable features. By P10, the mor-
phology of a field of micro-damage was evident. Fig. 9A shows an ex-
ample P10 process zone, which appears to have two lobes on either side
of the crack plane along with what appears to be a cohesive tearing
zone directly ahead of the tip of the razor notch. By Pmax (Fig. 9C and
D), the formation of a large process zone without distinct lobes (or
‘ears’) was detected in each specimen. In cases with the highest P va-
lues, a region of intense staining was observed ahead of the razor notch.
This suggests the initiation of true crack growth or a tunneling me-
chanism. In Fig. 9D, an uneven profile of staining along the X axis is
shown, including notable projections of staining jutting ahead of the
crack tip. We have termed these features “flames” and they correspond
to localized “tunneling” into the microstructure. This phenomenon was
also observed in confocal and scanning electron microscopy (Fig. 10).
4.4.2. Microscopy
Using laser scanning confocal microscopy and scanning electron
microscopy (SEM), we were able to further examine/confirm some of
the features of the process zone in 2-D on the X-Y plane. The features we
termed “flames” correspond to localized regions of microstructure be-
tween lamellae where the material has broken down, allowing staining
with both BaSO4 and Alizarin Red stain, and corresponding to mor-
phology observed in SEM. See Fig. 10.
4.5. Finite element modeling
Non-linear orthotropic finite element models were built to compare
the predicted process zone shape with experimental results.
Qualitatively, in Fig. 11, the predicted process zone morphology for
28 N (a load corresponding to a P value of approximately 14) is similar
to the process zone image in Fig. 10A (a P10 specimen which reached P
= 14 and 31 N). Notably, in the finite element model, the cohesive
tearing zone is not modeled and a small lobe of material exceeding the
Fig. 8. Micro-damage process zone measurements from micro-CT scans using BaSO4 contrast agent. A) SVn versus P. B) SVn versus J. C) Width versus P. D) Width versus J. E) Height
versus P. F) Height versus J. Black triangles (▲) in A and B mark the data points generated by the pixel counting method and in C through F, they mark the measurements by ellipse
fitting. The fine dotted line marks the corresponding trend line. Black diamonds (♦) in A and B mark the SVn data points generated by the stacking of images and measurement of the
projection onto the Y-Z plane. In C through F, they mark the manual measurements of width and height taken from the same images. The dashed black line marks the corresponding trend
line. Finally, the solid black line represents the Irwin model for comparison.
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Hill's Criterion found behind the starter crack tip is not observed ex-
perimentally. Quantitatively, the SVn predicted by the finite element
model (0.0423 mm3/mm) is similar to the values measured by micro-
CT (0.0460 mm3/mm (stacked images) and 0.0421 mm3/mm (stained
volume)) and predicted by the Irwin's process zone model
(0.0498 mm3/mm).
5. Discussion
To our knowledge, this is the first study to use high-resolution
benchtop micro-CT to observe and measure the micro-damage process
zone shape and size during transverse fracture testing of cortical bone.
Previous studies using similar approaches did not achieve the same
level of detail (Burton et al., 2014; Leng et al., 2008). The findings
reported herein indicate that an update to textbook information re-
garding the process zone is in order. Whereas it has been previously
assumed that cortical bone under plane strain would display a typical
plane strain process zone shape and size with symmetric lobes on either
side of the crack plane (Martin et al., 2015), we now know that the
process zone is more complicated. The process zone changes and grows
and, at maximum load and the initiation of observable crack growth is
resembles more closely the plane stress shape previously reported for
nacre (Barthelat and Espinosa, 2007; Barthelat and Rabiei, 2011).
Furthermore, the micro-damage process zone formation does not reach
a steady state prior to or at maximum load during a standard fracture
toughness test (Fig. 8) (Vashishth et al., 2003). This is consistent with
stable crack growth and rising R-curve behavior. This is also similar to
the results reported for nacre (Barthelat and Espinosa, 2007; Barthelat
and Rabiei, 2011).
Our measurements are similar in scale to previous 2-D measure-
ments done with histological techniques. (Mitchell et al., 2004), in a
study of the effects of radiation sterilization on fatigue crack growth in
cortical bone, reported width measurements of the process zone de-
tected histologically. They reported an increasing process zone width
Fig. 9. Representative images of micro-damage process zone from specimens loaded to P10 (A and B) and Pmax (C and D). A and C present Y-Z plane projection views for P10 and Pmax
respectively, and B and D present X-Y plane projection views for P10 and Pmax respectively. White arrow labels: RN = razor notch tip, CZ = cohesive zone (tearing), IS = intense
staining, F = “flame”.
Fig. 10. Microscopy images of a Pmax specimen.
(Left) Laser Scanning Confocal Microscopy image of
surfaces stained with Alizarin Red. The Alizarin Red
binds to exposed mineral surfaces; both cut surfaces
from specimen preparation (Notch and Razor Notch)
and newly formed crack surfaces ahead of the razor
notch (penetrating into the Ligament). (Right)
Scanning Electron Microscopy image of the same
specimen. Note the paired “flames” (white arrows
labeled F in both images). Flames seem to growth
into certain regions of inter-lamellar microstructural
weakness in Pmax specimens, corresponding to frank
crack growth initiation. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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with crack growth and, in normal bone, the width grew up to 200 µm.
Interestingly, in irradiated specimens, the width rarely exceeded
100 µm; An effect size due to irradiation similar in magnitude to those
we previously reported when using a lower resolution approach similar
to the one in this study (Burton et al., 2014). Unfortunately, in (Mitchell
et al., 2004), the cracks were propagated in the longitudinal direction
(parallel to the osteons), which overlooks the importance of transverse
fracture and the higher J-integral fracture toughness measured for
transverse fracture (Koester et al., 2011, 2008; Woodside and Willett,
2016; Yan et al., 2007). Also, results for fatigue loading do not compare
directly with results from quasi-static fracture toughness tests. Simi-
larly, (Akkus et al., 2000) used histological methods to investigate the
diffuse micro-damage associated with the process zone in both trans-
verse and longitudinal crack growth. While they did not report di-
mensions or morphology of the process zones, their histology suggests
diffuse micro-damage formation within a few hundred microns of the
fracture plane (i.e. process zone widths of around 500–600 µm) and
that the diffuse micro-damage density was approximately an order of
magnitude more intense than reported for in vivo Frost-Burr-type
micro-crack densities (Akkus et al., 2000).
Our size measurements strengthen previous arguments made in
favor of using a J-integral based approach to measuring cortical bone
fracture toughness due to the associated specimen size requirements
and ability to account for non-linearity in the test curves (ASTM, 2009;
Yan et al., 2007; Yang et al., 2006). In our study, the characteristic
process zone size at maximum load is approximately 550 µm and
smaller than the unbroken ligament thickness (2 mm) and width
(4 mm) but larger than allowable for a linear elastic fracture mechanics
approach (ASTM, 2009; Yan et al., 2007; Yang et al., 2006). Further-
more, we have found that our process zone dimension measurements
agree quite well with a simple, modified Irwin's process zone model,
based on a “yielding zone” bounded by a linear elastic singularity field
(Anderson, 2005), in which G (elastic energy release rate) was replaced
by J (Barthelat and Espinosa, 2007; Barthelat and Rabiei, 2011). This is
consistent with cortical bone being a quasi-brittle material toughened
by multiple intrinsic mechanisms that act within a defined process zone
before crack growth initiation. These multiple mechanisms clearly in-
volve meaningful levels of modulus work and dilation, and indeed
viscoelastic/plastic effects (Fig. 7) (Yeni et al., 2007, 2004). They
contribute to the meaningful non-linear fracture toughness developed
up to maximum load and the onset of frank crack growth (Yan et al.,
2007).
In this study, we have also documented an additional mechanism,
which we have termed “flames”, due to the morphology observed in
micro-CT images (Fig. 9D). These flames may be similar to tunneling
observed in other materials during fracture (Anderson, 2005). They
occur as the process zone front interacts with the microstructure. Focal
sites of micro-damage, and perhaps actual true crack growth, jut out
ahead of the body of the process zone at lamellar interfaces. In com-
posites, true crack growth occurs due to intense coalescence of micro-
cracking (Anderson, 2005). This is also the case in cortical bone and
thus, it is difficult to determine whether these flames are intense micro-
damage and/or focal crack growth, even when using a combination of
high-resolution micro-CT, laser confocal scanning microscopy and
scanning electron microscopy.
As shown in our results, measurement of SVn depends on the
method used. Stained pixel counting within the volume of interest re-
sulted in lower SVn than the 2-D projection method. The latter effec-
tively generated a through thickness average process zone projected
image (Y-Z plane) from which we were able to also make SVn, width
and height measurements. The two methods used to measure width and
height resulted in very similar measurements and strengthened our
confidence in the use of the projection method for SVn. Unfortunately,
the through thickness average process zone projection method results in
a loss of information regarding the variation in the process zone shape
through the thickness of the specimen. The fitting of an ellipse to the 2-
D projected process zone is an approximation to a more complex
morphology but consistent with approaches used for other composite
biomaterials, like nacre (Barthelat and Espinosa, 2007; Barthelat and
Rabiei, 2011). Additionally, the simple attenuation coefficient-based
thresholding approach to distinguish between bone and stain results in
some loss of information regarding apparent gradients of staining in-
tensity on the Y-Z plane. The “flame” mechanism was only detected
when full process zone reconstructions of specimens loaded to max-
imum load were viewed in 3-D. In future work, we will adopt more
advanced methods in order to preserve more of this information. It will
also be fruitful to develop a staining method that results in more
homogeneous and consistent staining of micro-damage. Alternatively,
in the near future, with the continued development of benchtop micro-
CT systems with higher resolution and sensitivity, a truly non-de-
structive single specimen method may be developed. Such an approach
would not require staining with a heavy metal based contrast agent to
enable micro-damage detection and could be used in parallel with di-
gital volume correlation (Roberts et al., 2014).
Upon examination of the curves in Fig. 8, one notes that the trend
lines against P have much better r-squared values than the trend lines
against J. This is partially expected because P was more controlled than
J. Recall that each beam was loaded under displacement control to a
specified deflection. Tighter correlation with P is also consistent with a
fracture process that is strain controlled and dependent upon “post
Fig. 11. A) Finite element model of a specimen
loaded to 14 N. This corresponds to loading below
that experienced by the P0 group. B) Finite element
model results for a specimen from the P10 group,
loaded to 28 N. These images correspond to the
center Y-Z plane of the specimen which experiences
plane strain (triaxial stress). The color scale corre-
sponds to the fraction of the Hill's Criterion, i.e.
elements exceeding the criterion have the value 1
and are marked in white. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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yield ductility” (Nalla et al., 2003). The J measurements are influenced
by inter-specimen variations in microstructure, notching and other
uncontrolled biological factors. In our experience, we have found bo-
vine cortical bone to be more consistent in microstructure and quality
that human bone, however, it can display a mix of plexiform and os-
teonal microstructure, lower porosity and other differences that result
in fracture behavior that differs from that of human cortical bone. We
observed that bovine cortical bone is able to undergo less stable crack
growth before steady state fracture than human cortical bone
(Woodside and Willett, 2016).
In attempting to understand the shape and size of the micro-damage
process zone in our specimens, the experimental tests were conducted
to measure the growth of the process zone ahead of the crack tip;
however, at this scale, there was no means available to this study to
measure the local stress and strain states around the crack tip. Also, due
to the complexity of the process zone for cortical bone (i.e., diffuse
micro-damage), available analytical models cannot provide accurate
predictions of local stress and strain fields. Therefore, a finite element
model using modified Hill's theory for the orthotropic bone material
was developed to simulate the SENB test. The main goal of the model
was to approximate the local stress and strain state near the crack tip in
an attempt to provide a means to compare the experimentally measured
process zone with the local stress state. These models were built to
include the apparent yielding of the material, which is really the critical
stress criterion at which micro-cracking starts, and the post-‘yield’ be-
havior up to fracture begins. Furthermore, orthotropy was modeled in
order to include its effects on the process zone shape. We have de-
monstrated decent agreement between the normalized stained volume
(SVn) predicted by the models and measured using micro-CT. However,
there are distinct differences in process zone morphology between the
models and the micro-CT images. This motivates future, more complex
studies.
In the finite element models, we selected a yield strength parameter
from the lower end of the range typically reported from mechanical
testing (90 MPa). The size of the predicted process zone is very sensitive
to the yield strength (inverse quadratic relationship) and the post-yield
work hardening parameters chosen for the model. Because bone does
not yield like metals but rather first micro-cracks, the selection of an
appropriate value for yield strength for the models, particularly in the
longitudinal direction, is a concern. Choice of a value from the lower
end of the typical range was rationalized by the idea that divergence
from linear behavior (critical point; proportionality limit), rather than
at an arbitrary 0.2% offset strain often used for yield strength de-
termination, is coincident with micro-damage initiation. Selection of
90 MPa in the longitudinal (33) direction resulted in SVn values com-
parable to our experimental results, whereas higher yield strength va-
lues quickly shrank the process zone to unreasonable values. We also
assumed that the bone does not ‘yield’ under shear. This assumption
requires further consideration.
Further work is required to improve the fidelity of our finite element
models in terms of determining the best criterion to model the micro-
damage process zone. Herein, the focus was not to develop a high fi-
delity simulation model for predicting bone damage/fracture processes,
but instead to complement the experimental results.
6. Conclusion
This study reports details of the fracture process zone previously
unreported for cortical bone. This should lead to a better understanding
and higher fidelity modeling of the intrinsic fracture toughness of
cortical bone in the future. High resolution micro-CT enables 3D vi-
sualization and measurement of the process zone and confirmation that
the crack front edge and process zone are affected by microstructure. It
is clear that the micro-damaged process zone for the specimens studied
grows to be meaningfully large (550 µm in diameter), and the process
zone does not achieve a steady state by Pmax. Combined with the non-
linear loading path to Pmax, these confirm the need for the J-integral
approach. With further development, this relatively low-cost benchtop
approach (low cost compared with synchrotron instrumentation) may
become valuable towards better understanding the role of the process
zone in cortical bone fracture and the effects of relevant modifications
towards changes in fracture toughness in a cost effective way.
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